Background. Intramedullary ependymomas are rare and benign tumors in the adult. Little is known about their physiopathology, but the implication of the NF2 gene is suspected because of their presence in a third of patients with type 2 neurofibromatosis (NF2), a disorder caused by mutation of the NF2 gene.
Ependymomas are glioneuronal tumors that arise from ependymal cells on the cerebral ventricular surface and the central medullary canal. They account for 3% -9% of brain tumors and about 60% of spinal cord tumors. 1 In adults, the localization is more frequently spinal (60%) than intracranial (40%). 2 Neurological symptoms appear very slowly. Thus, it is not rare that diagnosis is made several months or years after the initial onset. 3 Magnetic resonance imaging (MRI) shows a centromedullary mass, usually heterogeneous, partially cystic, and enhanced after intravenous gadolinium infusion. The 2007 classification of the World Health Organization (WHO) recognizes 3 histopathological grades depending on cytonuclear atypia, endothelial capillary proliferation, necrosis, mitosis, and the immunohistochemical MIB1/Ki67 labeling index. Spinal cord ependymomas in the adult are mostly WHO grade II, and the best recovery rate without recurrence is obtained by surgical resection. 4, 5 Little is known about the physiopathology of ependymoma because it is a rare, clinically heterogeneous disease. However, there is imaging evidence of ependymomas in more than 33% of patients with type 2 neurofibromatosis (NF2), 6, 7 a rare autosomaldominant inherited disorder caused by mutation of the NF2 gene.
The NF2 tumor suppressor gene is localized on 22q12.2. 8, 9 It encodes a 595-amino acid protein, neurofibromin 2, 9 which is a membrane/cytoskeleton-associated protein mediating cell-to-cell contact inhibition of proliferation. 10 Current models indicate that neurofibromin 2, when unphosphorylated, accumulates in the nucleus and binds the ubiquitin ligase CRL4 (DCAF1); it thereby suppresses CRL4 activity and consequently blocks mitogenic signals. 11, 12 According to the 2-hit model, 13 tumorigenesis occurs when both NF2 alleles are inactivated. NF2 patients harbor a heterozygous germline mutation in the NF2 gene, so the loss or mutation of the second NF2 allele in a somatic cell is sufficient for a tumor to develop. The type of cells containing both inactivating events determines the histology of the tumor. The severity of the disease correlates with the extent of loss of function of the NF2 gene; the disease is severe in cases of truncating mutations (nonsense variant or frameshift insertions/deletions). 14 -16 Karyotyping abnormalities are frequent in ependymomas, particularly affecting chromosome 22. 17, 18 Several studies 19 -22 demonstrate that the NF2 gene is involved in the tumorigenesis of ependymomas, particularly in spinal cord forms. Consequently, some authors consider spinal cord ependymomas to be a distinct entity, characterized by a high frequency of loss of heterozygosity (LOH) at 22q and of NF2 gene mutations. 19, 20, 23 In this study, we report a family with cervical intramedullary ependymomas without other features of the NF2 syndrome. A previously undescribed NF2 gene mutation was detected in all affected members.
Materials and Methods

Participants
The family pedigree is shown in Fig. 1 . Two of the family members underwent surgery, which allowed pathological investigations showing WHO grade II ependymomas in both cases. Spinal cord MRI was performed for all family members. Cerebral MRI of high resolution with series of sections of ,1 mm was carried out for affected participants II-1, III-3 and III-4. Ophthalmologic and dermatologic examinations were performed in participants II-1 (symptomatic) and III-4 (asymptomatic).
Chromosome, DNA and RNA Analysis Written informed consent was obtained from all family members, and our project was approved by the institutional review board of the CHRU de Tours. High resolution R and G chromosome banding (RTBG and GTBG banding techniques and Giemsa staining) were performed with peripheral blood lymphocyte cultures (participant II-1).
DNA was extracted from peripheral blood leukocytes by automated purification protocol using QIAsymphony SP (Qiagen). DNA from participant II-1 was used for CGH array analysis (Array 105K, Agilent). DNA from participant I-2 was used for NF2 sequencing analysis. Primers specific for the 17 NF2 (NM_000268) coding exons and their intron boundaries were used to amplify the NF2 gene from genomic DNA (primer sequences and PCR conditions are available upon request). Mutations were identified by bidirectional DNA sequencing of the purified PCR products with the Big Dye terminator cycle sequencing kit and migration on an ABI 3130XL sequencer (Life Technologies). Sequences were aligned with Seqscape w v2.5 analysis software (Applied Biosystems).
Total RNA was extracted from the lymphoblastoid cell line of participant III-3 and nonaffected family member II-2 using Trizol (Invitrogen). Superscript II (Invitrogen) was used to produce cDNA from 1 mg of RNA, which was amplified by PCR with Taq polymerase Promega (608C), a forward primer in exon 8 (5 ′ -actgacccccaagtctcctt-3 ′ ), and reverse primers in exons 9 and 10 (Exon 9: 5 ′ -aacacgaagctttgaggagtt-3 ′ , product size: 128 bp; Exon 10: 5 ′ -gggctttcatctgctgaact, product size: 220 bp). RT-PCR products were analyzed by electrophoresis on 1.5% agarose gel and sequencing with Applied 3130XL DNA sequencer.
Modeling of the Mutant
The 3D structure of the FERM domain of neurofibromin 2 (PDB 1H4R) has been determined by x-ray crystallography. 24 We used the coordinates of this structure to model the mutant form of the FERM domain with SWISS-MODEL, 25 a structure homology-modeling server. 26 Ribbon representations of the wild-type and mutant forms of the FERM domain of neurofibromin 2 were obtained using the molecular graphics tool PyMOL v1.3.
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Results
Family Study
Participant II-1 was born in 1947. He presented at our institution (CHRU de Tours) in 1999 with cervical pain and paresthesia in the right upper limb of 3 months duration. Cerebral and medullary MRI showed a single spinal cord lesion from the myelencephalon to C7, enhanced after gadolinium infusion ( MRI revealed a cervical spinal cord lesion in 5 of the 9 family members studied (Fig. 2 ). An asymptomatic cervical spinal cord lesion was found in each of participants I-2, III-3 and III-4 ( Fig. 2A, D and E) . The similarity between the 5 MRI lesions allowed strong suspicion for an ependymoma in all 5 family members. This high intrafamilial prevalence of cervical intramedullary ependymomas suggested a genetic origin compatible with autosomal dominant inheritance.
None of the family members suffered from hearing loss, and cerebral MRI with high resolution performed on 3 of the 5 affected members showed there was no vestibular schwannoma (Supplementary material Fig. 2 ).
Ophthalmologic and dermatologic examinations of participants II-1 and III-4 were normal with no posterior subcapsular lenticular opacity and no cutaneous abnormality. The other family members did not present any clinical signs of disease.
Genetic Study
Chromosome analysis revealed a normal karyotype, 46,XY, for participant II-1 (resolution, 850 bands). Array-CGH analysis of DNA from participant II-1 revealed 4 small copy-number polymorphisms described in the Database of Genomic Variants. 28 No other copy-number variant was observed.
We analyzed the coding regions and intronic flanking regions of the NF2 gene in lymphocytes from participant I-2. Sequencing of NF2 revealed a heterozygous deletion, c.811-39_841del69 bp, at the intron 8/exon 9 junction. This same mutation was subsequently detected in all 5 family members with ependymoma but was absent from all nonaffected family members (II-2, II-3, III-2) from whom DNA was available.
RNA extracted from lymphoblastoid cell lines from affected member III-3 yielded a novel, smaller RT-PCR product not found for nonaffected member II-2 (Fig. 3) . Sequencing this altered cDNA fragment, purified from gel, revealed a deletion of the entire exon 9 that contains 75 bp and is therefore inframe.
Based on the 2-hit model of NF2, we planned to sequence the second allele of the NF2 gene in tumor tissue from affected Zemmoura et al.: NF2 deletion and intramedullary ependymoma members. Paraffin-embedded samples of ependymoma tissue from family member II-1 were used for DNA extraction for NF2 gene sequencing. However, 2 extractions failed to obtain DNA of sufficient quality for sequencing.
Modeling of the Mutant
The mutated NF2 allele appeared to encode a neurofibromin 2 protein with a 25-amino acid deletion in its FERM domain in the N-terminal region. These deleted residues form the central region of the subdomain C (b-strand 6C, b-strand 7C, and beginning of a-helix 1C) in the wild-type FERM domain. We used the crystallographic structure of neurofibromin 2 to model the consequences of the deletion (Fig. 4) . The model obtained for the mutant indicated a possible disorganization of the subdomain C of the FERM domain without consequences for the subdomains A and B.
Discussion
We found a novel mutation of the NF2 gene causing deletion of the entire exon 9 associated with cervical intramedullary ependymomas in a family. The 5 affected participants were all adults, and specimens from 2 of the 5 cervical intramedullary tumors were available for analysis; both were WHO grade II ependymomas. The MRI characteristics of all 5 tumors were very similar, consistent with all 5 family members having the same pathology. Therefore, we considered this family to be a homogeneous family with cervical intramedullary ependymomas. Participants II-1 and III-4 underwent ophthalmologic and dermatologic examinations: there was no posterior subcapsular lenticular opacity nor any cutaneous lesion. The family does not satisfy the Manchester clinical criteria for NF2 syndrome. 29 Two cases of familial ependymoma have been investigated previously. Nijssen et al 30 described a Dutch family in which 4 male cousins developed intracranial WHO grade III ependymoma during childhood. Karyotyping on blood leukocytes of 2 patients did not reveal any abnormality. The tumor in 1 of the 4 patients was analyzed and showed LOH of chromosome 22 without any mutation of the NF2 gene. Hulsebos et al 31 performed array-CGH on the same tumor and showed that the only unbalanced chromosomal abnormality was a monosomy 22. They also analyzed microsatellite markers covering the entirety of chromosome 22 Zemmoura et al.: NF2 deletion and intramedullary ependymoma in blood leukocyte DNA from 2 of the 4 patientss and for other members of the family covering 3 generations. The results suggested that there was a susceptibility gene in 22pter-22q11.2, proximal to the NF2 gene (22q12.2). The second family to be reported is a Japanese non-NF2 family 32 in which 3 adult siblings (1 female and 2 males) developed cervicothoracic spinal cord tumors, 2 WHO grade III ependymomas and 1 schwannoma. The authors analyzed microsatellites covering the distal part of chromosome 22q, in blood leukocyte DNA from 2 healthy members of the family and from the tumors of each of the 3 patients. They obtained results for only 2 of the 3 patients; they found LOH for the distal part of 22q, with no mutation in the NF2 gene.
Other families have been reported in the literature but without any genetic analysis: they include families with intracranial ependymoma 33 and subependymoma. 34 -36 We here describe a family in which a cervical intramedullary epdendymoma was observed in each of 5 members covering 3 consecutive generations, suggesting Mendelian autosomal dominant transmission. Sequencing of affected member I-2's DNA detected a heterozygous mutation, c.811-39_841 del 69 bp, in the NF2 gene. This was later confirmed in a second sample from the same participant and then from DNA from the 4 other affected members of the family. The 3 nonaffected members of the family did not carry this mutation. Perfect segregation with the pathology within the family strongly supports our hypothesis of Mendelian autosomal dominant transmission.
No deletion causing the absence of exon 9 from the NF2 transcript has previously been reported both in patients and control individuals. 37 The mutation we identified is a deletion of a part of the sequence of the intron 8/exon 9 junction that alters splicing, leading to an altered mature mRNA (demonstrated by RT-PCR experiments) and potentially to the loss of an anti-oncogene action of neurofibromin 2. Exon 9 of NF2 encodes residues 271 -295 of the FERM domain, which is in the N-terminal region of neurofibromin 2. Most of the residues encoded by exon 9 in the FERM domain are exposed to solvent, with little interaction with the rest of the structure. 24 The frequency of constitutional mutations in NF2 exon 9 is very low in NF2, 38, 39 and splice-site mutations are also rare in this region of the NF2 gene. FERM domains are found in a number of cytoskeletal-associated proteins that associate with various proteins at the interface between the plasma membrane and cytoskeleton. Neurofibromin 2 can exist in a "closed" state, where N-and C-terminal regions participate in an intramolecular interaction, masking the ligand-binding site. 40 This mechanism seems to involve the B subdomain of the FERM domain but not the C subdomain affected by the deletion. The C subdomain does not appear to be required for NF2 growth inhibition activity, actin association, or activity of membrane protrusions. 41 Further works will be necessary to determine whether or not this C subdomain of the FERM domain participates in the interaction between neurofibromin 2 and particular partners in ependymocytes and if it is necessary for suppressing spinal ependymomas. Neurofibromin 2 without the region encoded by exon 9 may have all functions of the normal NF2 except for suppressing spinal ependymomas. Severe phenotypes of NF2 are associated with nonsense/frameshift mutations or large deletions, but no particular type of mutation has been found to be associated with the presence of ependymoma in NF2 patients. 42, 43 Our observation is original in 2 ways: (i) this is the first time a particular type of NF2 mutation has been associated with the presence of ependymomas; and (ii) this is the first described NF2 familial mutation that is not associated with NF2 as defined by the Manchester criteria. Additional studies on NF2 gene, and particularly on exons 8-9, may help to determine whether individuals with germline alteration affecting the C subdomain of the FERM domain of neurofibromin 2 are at increased risk of developing ependymomas.
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